Abstract: Responses of phenolic compounds were hydroponically investigated in rice seedlings (Oryza sativa L. cv. XZX 45) treated with either Cr(III) or Cr(VI). Results indicated that rice seedlings are able to effectively sequester both species of Cr. Majority of Cr recovered in plant materials was accumulated in roots rather than shoots. Accumulation of total soluble phenolics, flavonoids and lignin in plant materials was quite evident due to Cr exposure, but displaying different responses between the two species of Cr. Distribution of total soluble phenolics and flavonoids was more at shoots, especially at younger segments of shoots, and less at roots, whereas the lignin content was detected more at the younger parts of shoots and less towards the root tips. It is suggestive from the current investigation that both Cr species caused production and accumulation of these secondary metabolites in rice seedlings.
Introduction
Chromium (Cr) widely distributes in the nature environment. Usually, trivalent and hexavalent chromium are considered to be the two most stable forms in the family of Cr. It has been reported that Cr(VI) is more water-soluble than Cr(III) and both chemical species are easily taken up by plants (Vajpayee et al., 2000) . The former is classified as one of major toxic and mutagenic contaminants for living organisms. In some cases, the concentration of Cr has been detected up to several thousand mg/kg (Reeves and Baker, 2000) . Cumulative domestic Cr slag in mainland China was estimated to be 6.0 million tons in 2005 (Jiang et al., 2013) . Wastewater from leathery industry containing higher concentration of Cr is another major contaminated source to the receiving water, even if the maximum national allowable limit for total Cr (1.5 mg/L) and Cr(VI) (0.5 mg/L) in the effluent was recommended (Wang et al., 2007) . In fact, the annual wastewater from tanning industries was approximately 180 million tons in 2005 and total Cr content was 2000-4000 mg/L (Wang et al., 2007) .
Secondary metabolites are a group of small organic compounds naturally generated by plants. Their formation, distribution and function are highly dependent on species, organs and tissues of plants (Kliebenstein, 2004) . Although involvement of secondary metabolites in the process of plant growth and development is not mandatory, they affect and/or change the relationship between plants and the environment (Yang et al., 2012) . In most cases, plants are able to produce a large number of secondary metabolites in order to adapt to a variety of environmental stresses (Bartwal et al., 2012) . Indeed, phenolic compounds, including flavonoids, lignin, and anthocyanins, are the most common species in the family of secondary metabolites. Being one of most important non-enzymatic antioxidants, it can chelate metal ions and serve as electron donors for guaiacol type peroxidase (Rice-Evans et al., 1996; Sgherri et al., 2003) . It is evident that accumulation of phenolic compounds in plants can be induced by UV radiation, low nutrients, low temperature, heavy metals and pathogen attack (Yamasaki and Heshiki, 1995) . For instance, stimulation of phenolic compounds has been detected in wheat exposed to Ni and Al (Winkel-Shirley, 2002 O). After 15 d of growth, young seedlings collected were incubated in a pre-treated solution containing 1 mM CaCl 2 + 2 mM MES-Tris buffer (pH 6.0) for 4 h to remove the ions from the cell wall space (Ebbs et al., 2008) . All pre-treated young rice seedlings were used for the subsequent experiments.
Ten pre-treated seedlings with similar height and weight were exposed to 50 mL Cr-spiked solution containing different doses of Cr(VI) or Cr(III). Seven different concentrations of Cr(III) (0, 3.6, 7.2, 14.4, 21.6, 28.8 
Measurement of Phenolic Compounds
Extraction procedure of phenolic compounds in plant materials was similar to previous studies (Kovácik et al., 2009; Li et al., 2008; Rodrigues et al., 2005) with slight modification. After exposing to Cr(VI) or Cr(III) for 3 days, rice seedlings were rinsed with distilled water and divided into roots (upper and lower segments) and shoots (upper and lower segments) (Figure 1 ). Plant materials (0.3 g fresh weight) were precisely weighted and homogenized on ice bath in 5 mL of 80% methanol. Then, the homogenate was centrifuged at 10,000×g for 5 min at 4
• C. The supernatant was used for measurements of total soluble phenolics and flavonoids. The residue was also collected for determination of lignin content. Assay of total soluble phenolics Soluble phenolics were determined by the FolinCiocalteu method (Kovácik et al., 2009; Li et al., 2008) with slight modification. Briefly, 500 µL of supernatant was mixed with 300 µL of 1 N Folin and Ciocalteu's Phenol reagent. The mixture in the tube was placed on a rotating tube holder at 25
• C for 5 min. And then, the solution was reacted with 400 µL of 1 M Na 2 CO 3 and kept at 25
• C for 10 min. Finally, the solution was made up to 5.0 mL with deionized water and allowed to stand for 1 h at 25
• C. In order to avoid photo-oxidation, all tubes were covered with aluminum foil. The absorbance was measured at 725 nm. The blank contained 500 µL 80% methanol plus Na 2 CO 3 and the Folin and Ciocalteu reagent. The content of total soluble phenolics was expressed in µg/g FW, based on the standard curve of gallic acid.
Assay of total flavonoids
The reconstituted fraction in methanol (1.0 mL supernatant) was mixed with 2.0 mL 80% methanol and 0.5 m-L 5% NaNO 2 (w/v). After 5 min, 0.5 mL 10% Al(NO 3 ) 3 (w/v) was added to the mixture. The mixture was left stand- ing for 6 min. 2.0 mL 4% NaOH was added and allowed to stand for 15 min. The absorbance was measured at 510 nm and calculation was based on the standard curve of rutin (Jia et al., 1999) . The blank contained 1.0 mL 80% methanol plus other regents used.
Assay of lignin
The resulting pellet obtained after extraction of total soluble phenolics was mixed with 5.0 mL deionized water and centrifuged at 10,000×g for 5 min at 4
• C. The residue was collected and left to dry at 65
• C overnight. A 5.0 mL of a 1:10 solution of thioglycolic acid and 2 M HCl were added to the dried residue. The mixture in the tube was homogenized on a rotating tube holder and then incubated in water bath at 100
• C for 5 h. After cooling with ice bath to room temperature, the mixture was centrifuged at 10,000×g for 10 min at 4
• C. The residue was collected and mixed with deionized water. After centrifuging at 10,000×g for 10 min, the residue pellet was collected again and resuspended with 3.0 mL 0.5 M NaOH. The mixture was placed on a rotating tube holder at room temperature overnight. The mixture was centrifuged at 10,000×g for 10 min. The supernatant was then transferred to a new tube. And then, 400 µL concentrated HCl was added and kept at dark for 4 h. Following centrifugation at 10,000×g for 10 min, the supernatant was discarded and the orange-brown precipitate was dissolved in 4.0 mL 0.5 M NaOH. The absorbance was measured at 280 nm and calculation was based on the standard curve of lignin alkali (Rodrigues et al., 2005) .
Determination of Cr in Rice Seedlings
After exposure, seedlings collected were rinsed with deionized water and divided into roots and shoots. The remaining procedure was identical to our previous study . Plant materials were dried at 90
• C for 48 h and mixed with 8 mL of 4:1 HNO 3 -HClO 3 solution for overnight. Then, samples were placed in a digestion block and heated for 2 h at 200
• C until the digested liquid was clear. Then, the cooled residue was transferred into 50 mL glass flasks and added 0.2 mL 1% HNO 3 . Finally, the solution was made up to 50 mL with deionized water. The concentration of total Cr in different parts of plant materials from different Cr treatments was analyzed by ICP-AES.
Statistical Analyses
Analysis of variance (ANOVA) and Tukey's multiple range test was used to determine the statistical significance at 0.01 or 0.05 level between plant performances (Zar, 1999) .
Results

Cr Accumulation in Plant Tissues
Figure 2 depicts the concentration (µg/g DW) of total Cr in roots of shoots of rice seedlings exposed to Cr(III) after 3 days exposure. Total Cr in roots was always significantly higher than that in shoots of rice plants at all treatment groups. Also, the Cr content in shoots showed a positive linear response to Cr(III) application (Figure 2A) . However, Cr accumulation in roots responded biphasically to Cr(III) treatments, at which total Cr was linearly increased at 3.6-28.8 mg Cr/L, but decreased at 43.2 mg Cr/L ( Figure 2B ).
Compared with Cr(III) treatment, a similar distribution pattern of total Cr in plant materials was observed in Cr(VI) treatment, in which roots accumulated more Cr ( Figure 3B ) than shoots ( Figure 3A) . It is interesting to note that rice seedlings showed a greater capacity of sequestering Cr(III) than Cr(VI) within 3 days exposure. For instance, the rice seedling shoots accumulated 2863.43 µg/g DW when grown in the presence of Cr(III) at 7.2 mg Cr/L, while the roots accumulated only 768.72 µg/g DW at the Cr(VI) treatment (7.2 mg Cr/L).
Note: Values are mean of four replicates. Vertical lines represent standard deviation. Figure 2 . Accumulation of Cr (µg/g DW) in roots and shoots of rice seedlings exposed to Cr(III).
Note: Values are mean of four replicates. Vertical lines represent standard deviation. Figure 3 . Accumulation of Cr (µg/g DW) in roots and shoots of rice seedlings exposed to Cr(VI).
Distribution of Total Soluble Phenolic in Plant Tissues
Figure 4 displayed the content of total soluble phenolics (µg/g FW) in different parts of roots and shoots of rice seedling. After exposure to Cr(III) for 3 days, an increase in total soluble phenolics was detected in both segments in shoots of rice seedlings. Slight increase was observed at Cr(III) treatments at less than or equal to 14.4 mg Cr/L (P>0.05) compared with non-treated rice seedling, whereas significant increase in total soluble phenolics was detected at 21.6 mg Cr/L or higher concentrations (P<0.05) in the upper parts of shoots. However, changes of total soluble phenolics in the low parts of shoots were marginal (Mean: 695.23 µg/g FW, SD: 26.2, No: 7), compared with nontreated rice seedlings (P>0.05). We also noted that the upper parts of shoots had significantly higher amounts of total soluble phenolics than the lower parts of shoots in both control and treatments (P<0.05).
The total soluble phenolics in the upper parts of roots showed a remarkable response to Cr(III) application ( Figure  4 ) when compared to control (P<0.05). In root tips (Part 4), significant increase was only detected at 21.6 mg Cr/L or higher concentrations (P<0.05), compared with non-treated rice seedlings. It is interesting to notice that shoots always had significant higher content than roots (P<0.05).
Significant increases of total soluble phenolics were detected in upper parts of shoots at all Cr(VI) treatments (Figure 5) , compared with control (P<0.05). However, significant increases in total soluble phenolics were detected at 4.8 mg Cr/L or higher concentrations (P<0.05) in the lower parts of shoots (P<0.05). Similar responsive patterns were also observed in two segments of roots of rice seedlings after exposure to Cr(VI) for 3 days. It is noted that the distribution of total soluble phenolics in shoots was heterogeneous, while the distribution in roots was quite homogenous. Note: Values are mean of four replicates. Vertical lines represent standard deviation. Asterisk refers to the significant difference between Cr-treated rice seedlings and control (P<0.05). Figure 5 . Measured total soluble phenolics content (µg/g FW) in roots and shoots of rice seedlings exposed to Cr(VI).
Distribution of Total Flavonoids in Plant Tissues
Responses of total flavonoids in different segments of rice seedlings exposed to Cr(III) were showed in Figure 6 . At the treatment of 7.2-43.2 mg/L Cr(III), flavonoids content in upper parts of shoots was significantly increased (P<0.05), compared with control, while the changes of flavonoids content in lower parts of shoots were not significant (P>0.05) (Mean: 636.36 (µg/g FW, SD: 15.33, No: 7) . In upper parts of roots, significant increase was only detected at 14.4 mg Cr/L or higher concentrations (P<0.05), compared with non-treated rice seedlings. At the treatment of 7.2-43.2 mg/L Cr(III), flavonoids content in root tips (Part 4) was significantly increased (P<0.05). Significant increases in total flavonoids were detected in upper parts of shoots at all Cr(VI) treatments ( Figure  7 ), compared with control (P<0.05), while the changes of flavonoids content in lower parts of shoots were not significant P>0.05) (Mean: 634.29 µg/g FW, SD: 13.35, No: 7). Remarkable increases in total flavonoids were observed in both segments of roots under the higher level of Cr(VI) (≥4.8 mg Cr/L).
Distribution of Lignin in Plant Tissues
Changes of lignin content in different parts of plant materials of rice seedlings exposed to Cr(III) are given in Figure 8. Significant increases were observed in upper parts of shoots from all treatments compared with control (P <0.05), however the difference between six treatments was marginal (Mean: 11.91 mg/g FW, SD: 0.28, No: 6). A similar pattern was also detected in lower parts of shoots.
When exposed to Cr(VI), changes of lignin content in both segments of roots were identical, in which linear increases in lignin content were observed with an increase of Note: Values are mean of four replicates. Vertical lines represent standard deviation. Asterisk refers to the significant difference between Cr-treated rice seedlings and control (P<0.05). Figure 6 . Measured total flavonoids content (µg/g FW) in roots and shoots of rice seedlings exposed to Cr(III).
Note: Values are mean of four replicates. Vertical lines represent standard deviation. Asterisk refers to the significant difference between Cr-treated rice seedlings and control (P<0.05). Figure 7 . Measured total flavonoids content (µg/g FW) in roots and shoots of rice seedlings exposed to Cr(VI).
Cr(VI) concentrations (Figure 9 ). It is also noted that the lignin content was detected more at the upper parts of shoots (Part 1) and less towards the root tips (Part 4).
Discussion and Conclusion
Although plants are able to take both species of Cr and more Cr was retained in roots rather shoots, less amounts of Cr was detected in shoots, especially in Cr(III) treatments, indicating that Cr(III) is less mobile than Cr(VI) within plant materials. In fact, more than 94.8% (SD: 2.89) of the total Cr(III) recovered was detected in roots, while 81.4% (SD: 4.67) of the total Cr was found in Cr(VI) treatments. This finding was similar to other studies (López-Luna et al., 2009) , in which retention of Cr in roots of plants is one of the most important mechanisms for Cr(III). It is obvious that the translocation efficiency (TF) as the fraction that, after root uptake, is successfully translocated to upper parts of plants as defined by Meers et al. (2004) . In this current study, TF values of Cr(VI) were estimated to be 10.1-18.1% for rice seedlings, whereas significant lower values of 1.7-6.7% were found in the Cr(VI) treatments. Such a difference is most likely due to the fact that Cr(III) may be transported in a passive way that Cr(VI) may be actively transported in plants by metabolic processes (Shanker et al., 2005; Yu et al., 2010) .
In this current study, total soluble phenolics were mainly detected in upper parts of shoots (younger shoots), followed by older parts of shoots. The distribution of phenolics was quite homogenously in two segments of roots from young rice seedlings exposed to both species of Cr. In a previous work, relative abundance of total phenolics and flavonoids in the Turnera subulata was as Note: Values are mean of four replicates. Vertical lines represent standard deviation. Asterisk refers to the significant difference between Cr-treated rice seedlings and control (P<0.05). Figure 9 . Measured lignin content (mg/g FW) in roots and shoots of rice seedlings exposed to Cr(VI).
follows: leaves>steams>flowers>roots>fruits (Chai and Wong, 2012) . In order to reduce phytotoxicity of metal ions, a significant increase in total phenolics may be associated with some these soluble phenolics chelating metal ions. Indeed, soluble phenolics can directly chelate and/or bind with Cr, Pb and Hg with methanol extracts of rhizome polyphenols from Nympheae (Lavid et al., 2001 ). This chelating ability of phenolic compounds is possible related to the high nucleophilic character of the aromatic rings rather than to specific chelating groups within the molecule (Moran et al., 1997) . Flavonoids accumulation in both roots and shoots of rice seedlings exposed to either Cr(III) or Cr(VI) was detected in this study. Mechanisms of flavonoids generation may be due to the fact that it can help maintain membrane integrity by preventing the hydrophobic region of the biolayer from being accessed by the deleterious molecules (Bartwal et al., 2012) . Also, the role of flavonoids was able to donate electrons or hydrogen atoms during scavenging ROS, such as superoxide, singlet oxygen, hydrogen peroxide, hydroxyl radical and peroxyl radical (Sakihama et al., 2000) .
Significant increase in lignin content was observed in both roots and shoots of rice seedlings after exposing to both Cr species. Also, the lignin content was detected more at the upper parts of shoots (Part 1) and less towards the root tips (Part 4). Excess Al also caused lignin deposition in the cell wall of wheat, consequently higher accumulation of lignin in the cell wall resulted in growth inhibition, which is independent on the tolerance to Al (Sasaki et al., 1996) . Also, Cr is able to induce the production of lignin in roots of Phragmites australis (Zagoskina et al., 2007) . Being as the product of secondary cell wall, plants are able to produce more lignin to prevent heavy metals into the interior and protect the normal growth of pants. In fact, the covalent bonding of functional groups induced polymerization, condensation, and complexation reactions, chiefly achieved at the cell wall. Finally, lignin was formed through polymerization of phenolic alcohols (Bartwal et al., 2012) .
In summary, rice seedlings are able to effectively take up both Cr species, and mainly accumulate in roots rather than shoots. Production of total soluble phenolics, flavonoids and lignin in plant materials was quite evident in rice seedlings exposed to either Cr(III) or Cr(VI), but responses to both Cr species are different. The distribution of three secondary metabolites is chiefly located in shoots, especially in younger shoots.
Author Contributions
Fei-Fei Zhang performed the experiments and collected data. Xiao-Zhang Yu conceived the study, conducted data analysis and drafted the manuscript. All authors read and approved the final manuscript.
